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A3STRACT

2 simple pressure versus sor2sity comosstion todel i cavelased o zaiculate w2 resiirse of

reaylar poraus ced aaterials to shock impact. The mecdel provides a scneme far czlculating
sctign zergvigr wnan relatively limited material data is evailable. while the aatel was

‘-oea to study ocrous explesives and propeilants, it has baen applied to 2 <ugh wigar ringe of

agteriale.

The oarly tevelcoment of porous material models, such zs tnat of Herinann, viree =-airical
Syaemic compaciion cata.  frsman and fowardsd sutcessfully zpplisd the zarly treory to unraected
soravs nigh explosives using a Gruneisen sguation of state withaut yield benavior ¢nd without
trizped gas in the pores. Butcher+ included viscoelastic rate asencance in pore callipse, The
treoretical treatment of Carroll end Holtds5 is centered on the coliapse of a circular nere &nd
incluces renial trertia terms and a complex set of strass, sirzin and strain rzte congtitutive
ceremeters,  Unfortunately cata requirea for these parimeters ere genarally rot zvailedle,

Tne mogel descritad here 5 also centered on the collapse of a circular sere, Sut wtilizes a
simpizr elast t-plastic “"static aguilibrium” pore collapse mechinism without sirain rate
Leconcence, or ~:al inertia terms. [t does include tracped cas insice the pore, 2 solid msterial
Powosiress tnal ¢reates uoth g yield goint and a variation i solid materiai pressurz wits radius.
Tre solid i descrited 9y a “ie-druneisen type £0S,  Cemparisors show tnat this mogel will
ACurstely a5t mats neor mechenical featur2s wnich have heen gosarved in <otnaction 2xperizents,

DESCRIPTION OF THE CALCULATICN MDDEL

Soronacel for tha gorous meterial ds simitar to srevicus mogals, a fguare arriy of acual sizec
sonericz] gores in oz mairex of isotropic solid vatermial, Figure 1. “acraszopic concressian is
restsiEC by (1) 6as sressure inside zacn pore, (7)) a sprerice) Slow siress Tieda oz
(1 core, énd {31 culk corp-ession of the mat: . materia) wnicn incluces ine imeemel sragsure,
ruirec lnoul gete gre simply tne smitiel oornsity, mairix watzrial srock Fuconicy fonstents and
@ Srureisen serameter value at full gensity, 4 matroc mate-ial yreid siress, zng initial valies
far 2ore gas pressyre and temperature.  The ratio tetsegn initial porous cznsity :ing the salid
wrenretical maxwmum censity (THD) 15 referred to as the "density ratie®. The “serasity" is inen
cetined 85 the recivracal of thig censity ratio.

£rRC 330Ut

Tne mouel Vs incorporated in & ¢omouler Drogram wnich Can produce @ taple of dressure versus
cell ssforvation, and ali cefaormation 2ssociated parameters such s parnsity, comgeession, internal
2nergy, 0as cangitions, etc. Tne program then reads tne tacle, epplies the consarvation laws for
macs ang Tomentum znd iterates to calculate the solution tor the shock front conditions wnicn zives
saiues Tor particle velocity, shock front velocity, and pressure whicn of course can e foaperec to
zcpermental gata.

Tne elastic bulk modulus in_general s a function of porasity and rec}u ires some special
tregtment., Kooker and Anderson® {KA) matched the acoustic data of £lban’ on granular 7eflon
¢, using an exponential function of porosity originally propounded for ceramics,® %e use this
<k function in the pulk modulus defwtlon. Where the pressure 15 less than the viel: 20int
sressgrg, the czlculated acoustic “uulk ve'oct ity in porcus material can e sai clase to that in
meterial et theoretical maximum dersity [THD}, or less zepencing upon tre flaction. The ygiid
metertal oulk moculus is gefined es the isentropic Sulk =odulus, & va! ue that .5 251 mate
r=re cnsmo of tna r-ugomot pressure to the c‘*mplessmn The =y f ne tger rI9iC Tccuius

- -v( ¢ C3n de obtiined from the "Hugoniot mogulus® Ky = -v{iE {
sarsmetdd’ 15 cngwn. [ The 2qustions z2re given in the appendix.)‘“

ragry cerformeg snger the auspices of the U.S, Zapartment of In2roy Oy the Liwrzazz ueemgre
wetional Langratory uncar ganirect Mo. A-7408-E.5-43.
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~e a2ve :CcooteC the sizplest {Von Mises) flow siress cr\:erla For tne results illustrated
agra, it is astumec inal matrix matzrial plestic-fiow stress [nozrating micrescopicelly zpout exch
nore) is enual to the yield stress. Aooropriate flow strass vaiues Rave yeen aatained, for
am hign siréin -2t KOpcinsin Lar experiments. Altzr-atively, wnere snock Auganiot
ex1st, an zppreprieta flow siress can be cuosen to calcylate 2 good it to tne
erimental sata.

re and Limzzratere rise in the pore gas i5 estirated from an dgezl cas law.  The gas
corstant, &, can e set for env 2$5u7en 3rocess senavior ranging from 'sather‘\al -
isenironi C. 4(3) s (plCye The results 11lustrated reme 2ssume air k(q) = 1.4,

AALTSTS

in the follawing, cuperseript " rg to the corows sizte and sudscript "o” refers to the
initiel sizte. e sadscripl "1 sgeatiflas fsothermel cimocnents end tre suiscript "2 fcgntifies
mal Comoorents, i superscript mmc=tes values for tne ~atrix materra). “re corsus neterial

'] a
. 2
Tre trermal are wre. 2, s calculated es a functicn g

neteriel t‘=r a0 ersry ¢, ang Grunaisen paramater, 67,

Lretsare, £, 0% uescribea Dy 2 Mie-Gruneisen aguation of sizte {05}, 4
Pt s ap (KN a,g Kk < 96T ET) {1}
Tel .rP,wre, 39, s caleuletee as a Tunction of cell zimzngcns, & snC o,
" ~ial strength, H, =ng ce2l gas 8 €2§ IriCess CITglert, K.
P o

apection cell zeemetry, Sorous

The urit ¢eii s a cube of matria material with & centrally located gpnerical goee cotieirieg

tore fas.

C
— (s

O
O
(8]

Figure 1.

FLrosity, g, the rotio cetwesn total cell /niume inc tne matrix voiume, is comauted from the cell-
Tne TeLrix I2Sity, o, 2NC initral valeas in asrous cell ke"s‘..,\'. p,. ARG §308

simension, i,
Lrectn, 5.

!
- *
%
“re pore gieneter, d, is computza foemothe cell gimension ang tne porosity,

Q-4 {6/7:(5“;-’-””3 (3}

Parsus mataral gensity, 2", compression, uf, and reialive volume V" ara cefined.

2" 7 ps2 in
s ,’ao -1 (5)
e o iy 13)

i "agutus

The parsus metert il culk Aooulus, KT, 15 essumea to ¢ a fenciion of tne porosity. <ooker
raiat«d norous malerial acoustic velocity Lo matrix acoustic velocity
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fae saraws waterial ouix moowlus 15 cefined consistently with zzuations (7) an3 (¢}
N | g~ . ,
[ [; exp (20— )] LK (8)
Tne metrix saterigl culk modulus, 4, incresses with sressure, 4y, 3¢ ezrived in zquation (9)
thraggn (14}, K fg comguted 2§ an "isentropic” daculus, first, a "Sngomigl” woedulus, ¥y, i
f

astimgiad 4t @ ~wgomigt point. |t is sefined as the Jeriveiive of the Huganiot :rzgsure, with
243300,

2.
e 19}
i !

No=c ot ()
and tne mairix —aterial concrastion given Oy,
y s 0log =1 (2

algzurane connination of squations (9) to (12) yielg,

Cae - s - Wi (13)
W e e Py 15y = vl ?
¢ | 45 ]
angTe ¥ oz 3 . - -
TST J nOCZ

ne inontropic sulh wpdulus fan be dbiatned from the Fugoniot sulk nacuius af i
ZEromelar 1S known; ree 2pL2ngix. -

rursisen

w], 4
The roguit 1§ K = Ky |:] - 2—]‘7 G (ig)

Fingily, tne sorous metenial Tseniropic aulc @ogulng, €%, 16 3bta'nag frov

srration

sirathy, 2t cimgection c2ll Cafermetoon as Lutk slasing gefiomelys
orassyre 15 Iotained by CarTyIng gut [stenwise) a patn irtzgral gvar tne el

o . -3]&'!&.:-'1 ca f1s
a

elastic
Te path is unigue 0 g elastic regime anc coulc 1n prancioal be cervved i Clog in
th1g regi¢h, porosity danc sore diameter are contrelled by 2awations (2), (3), ¢ (15).

in tne plastic reqime tne pgth is ngt uniGue ang must 2@ Carrieq gut by tterstive metnacs.
Pl2siac Fiow

< valumetric average yieid stress, s(«.fyl, equation {16y, s caiculates as tne sum of tne
sGre qas pressure end 3 malrix pressure tnat €apengs ga the Cell gimensiaas in6 4" metrix unlaxial

sieig steess, d = Hy, The yield stress tems in pguetion [16) will 3 carived tn zauatigns (20)
wnroggn (24), STall d, i¢ pore iameter. For une zubit cell, volume a3,

oo eyt <ol (U ) - e

{ia)

[ \a 3
ceil 583 sonere

UNCLASSIFIED

m ;



UNCLASSIFIED

The gas CamIrest1an sricess constant, &, can be any value equal to or Jarger than .0, wnicn

corraszores (o oen iceal isathermal process,

¢ ne yield stress frem squation (18), tne cell is essumea to flaw piestically
trix Tlow stress,

£
f
é

ahon §1 ax¢

as well. In s regime, flow stress is caleulatee from aguation [15) using 2 =
fo= hf, thus,

41 = 8{x, hg) (17]
we 2ssum2 trat matrix flow siress zquals matrix yielg stress, {.a., AF = Jimersional
cheross in v oanc d are comuted incrementally s tne sum of both culk n1ast1c ceformation ang
¢:nstant voigte flow deformation.

2

a s {d

ta s 5 by v 3(—) ad 113)
. 512
3K

Paresity ana pore giemetar now are coetrolled by szuztions (2}, (3), ana (18).
£'zstic eformation
murang plestic flow, ngrevental elastic tast oressures are 2vaiveted.
Kr i
v -4 ] -a ke : ()
N-1 ¢

ran ints elastic calculation rosults in 2 lower pressure than the flow c:leulatian from esuation
1177 for the sz value of 2, then the ccopaction process ceeses to flew plestically, Therzafier
w2 tsdtherTe) TS 0TR Y5 Given by

dr =y - 3—}rn' 2 {26)
2
1C

elasti

wn2ra y v§ (nz prescure wnere plastic flow ends, This criterian takes zciaant of the faet inat 2

nore can, duoproncipaly e £igsad in g curely elastic fasnion,

are controlize oy eouitoons {2),

in tms "lecees ag" eizslic system, porosity and pore dismeier

Yezrarical Pregsore

“re s12i0 ifiow) strass lerms of acuation {16} ars sased g
U vGiime, in a4 tonerccal sysiem with an srigin at tne centar O
£Ineasion 1§ expressed oy,

onoIseird

3-d‘-’=E\r3-
[

a
Q

“r7 15 A ragiys greatér than ine pore racivs, 4/2, but 1285 fhan the comgaction cell touncary of
r o= 2/2. Tne equidibrium equatipn for @ sonerical element at, r, see fig. 7, s

{20 2,20 a4 )
=i=or| -p| r°ze - ldrcsors; = 0.
[ i n) ] 13 Hresd = 0
angn nigner arger differentials are droooed, ine resultant pressure gradient epuation is,
22)

» M
r r

o jas

For pore g&g nressure, p®, ang assuming that flow siress, H,

q CGEs nat vary witr ricius, the
s20id, oressure b any racdius less than r = a/2, dut targer than r =

d/c i3,
ale) = o* + 2h 1% YR (1)
- d N max " [

A Tean yolumetric sressure, §(r) 15 dafined wnen zquation (23) is integretad aver tne -agicn
Circymyirived oy radius r,

"3 A
8{r) = [p e or ool 'g T ar ir
12 ¢ 7]
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ifier cerforaing tne intagration to radius v o= a/2, ite result for *he sgeere, volune :—33. i
0
ir.3
. .. dM ] e i 1 .
8:2/2) =p * 6d —= [ (ln— -3t {24)
3 «
LR

fguation (24) vieids a volumatric mesn pressura in the spnera of diameter, 2, within the
compaction cell cude with side Jaagth, a. “When the four corners of tne superscrited cude are
‘nclyced at meéximum pressure, ihe volumetric zverage expressed oy equation (I6) is the result.

Figure 2,

. mequrd, $2, 16 superoosad after tne iseinermal presture, 31, has :
28 2 fuactocn ¢ Compactiion gecmetry,  The porcus ® al Sruraisan sarsmeter,
w2 -zual t0 tre satrix paremeter, Q. The mabrix per:imetar is reouced from the initial value using
3 CERSITY raiic,

-

TRNie < osg 5= Go
, (2)
ATED @ 3 34 ' C‘:—?GO
v
Termal precsure is given by
o0, . e e '
R 1251
B

wrarmgl srerzy, £, 15 astumed to se the shange in fugumigt interaal engrgy in e perous
srigl Tinus e oincregse in the metrix isothermal energy.

QaP*

=

L (27)

o
=

Tne tgial pressare, PY, i the sum of isplhermal pressure, $1, eno thermal pressure, 4.

Jingla Step otk Huoonyot

A corpuidr program creetes a tasle of pressure versus cell ceformatign, and 211 zzformation
e§s0c1atad paramsters suck ¢s porosity, campression, internal energy, gas cangitions, 21C
reszy the teble, applies tre consarvation laws for mass and wgzent.m ang iteraes to
saiuiion for nocx Hugoniot ¢ompaction front velocity anc prassure rise for g staacy *
aéve traseling tnrougn a uriform pergus material. AlY quantizies are
$23300 1y @06 comparec Lo empirical cata far compaction front veloc:ty ang ¢

nale step”
slptias agarast particle
regsare rise.

R.SULTS
Tqsati00s of siate for two different imtial censities of porous pressed THT? are iilusiratec
vorigs, Joanc 4o The uoper turve redresents the total snock Hugoniat gressure.  The aoticm curve
vg e rgotneraal famionent. The asymtoctic Curve on tre 1aft is the ispraerval zrossure for the

sohie weirtx weterial, The relative welyme 5 1.0 for tna dnitia) soreus material,  Urisading
%2mev10r C2n 3€ Tocelled in various wdys. 4 simole =dy tnat works «ell for @ost anginesring
2usases 1s 1liustrated in Figs. & 4nd 7, Unlgaaing decurs 3t 2-cingtant aulk wodulus at a level
cnat corresponds to the yield pressure and sorosity when unloading segins,
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SugU10T (YAzactian Caty 2xusis Tor 3 wige range of malerials. fiqura
versus exserimertal coupaction velocity 25 3 function of zarticle veiccity
illusirates the coapaction frant dressure.

varigtion in ine velue of the constant in the KA function (¢ in szyetion §) man;ﬂs ine
calouiated cans:\:utive :.ehamon This 15 illustreted for Soron nitrice!d for € = 0., Fig. &,
C = 2.2, Fig. 10, ¢nd C = 8.0, 7ig, 11. ‘hen = 0 the material bemaves as 3 rigic structural
faam. ahen ( « 2.2 the br-havmr will zoproximate the theroetical results of Carroll an¢ Holt,d
'~‘w°n C = 5.0 the material beheves in a very compliant fashion 25 in the zxperimental array of
weflon sells, Figures 12, 13, end 14 snow omoaction front pressuyre varsus sarticle velacity .

corri‘s.,c'“-dmg to ine 2orsiititive Senavior 11lustrated on Figs. @, 10, ang 11,

|
!

cescriotisn of poroys s.osterces

¢ relatively si-ple metzrial wccel to
ceding, w2 ,..cr in the future to izzly tnis model o fne srece onitietian of
ond £ aeflszetion ta detgnaticn fnarcnznon, :

ez3regate mor secfect stuctral

ic Seravior of Teterial,

r wost real meterials are seither perfect
1§ rather scznt snfgrmation or visio-f
natarials,

cering fete (0 tne regicn reir
nese two proplamg aith ;,,ec.
jons snoutd se carrie Jut be

r

Alsa, :c& 3 piea here for more and Zetler C2lé an percus naterials particularly in the
¢e10 siress regine ~here cata is sxtrevely sgarce.

i, berrmann, A, "fonstitutive fcuations for the Jynawic Zersaction of Gucti
3. f0l, Prysics, 40 (0, 2460-2496 (1369).
end Darerirertel Yo nlots n

2. I=¢=2n, O.0., :ad fdazrde, 0. J., “"fenzuted
ice o7 “aval S2sgarch - o

x*"::"- nes 184 10 775, ALR-Z21, O
1508460 3 tonation, August 1S7A.

.

Sutgngr, B M., "The Zescription of Strain-Rate
~zves ang tng Mechamycal Froperties of Solids, (Sw
. T9T1), o, rEi-ibk.

r'er's v Thatket Porous Maiariels,t Dhise
yraguse University Press, Sy-atuse, “Fe rorx,

. 4, {arroll, &, M,, #oit, A. C., “Static ang Dyncmc Pere-Collense reletions far ,uc ile Porsys
: iaterials,” J. sppl. Physacs, 43(4), 1525-1836 (1972).
5. Zarrol), M, K., and Aolt, A. (., "Suggested wooificztion of the ?-nce) for Firous “aterfals,”
J. opl, ths\cs. a3 12), 759.761 (1372).
3. <oorer, D, E. ano Angerson, R. 0., “A Mecnamism for the Surning Rate of Hign J2nsily, Porous,
inergetsc satzrials,” 7th Symoosium on Setgnation,

7. f1aan, 4. t., HSHC, unpublisned vata, 1980,

o

Knucsen, FooP., “Dependence of Mecranical Strengtn of Srattle, Polycrystalline Soecimens on
Porosity and arain Size,” J. Amer. Ceramic Soc., Voi. 42, No, 8, pp. 376-387, 1959,

§. van Thiel, M., "Compendium of Snock Wave Data,” UCRL 50108, 1907, Vol, 3, Cata for TNT,
22-18-2-1{7-1-3-6)-=-1,17.

10. van Thiel, #., "Comoendium of Shock wave Cata,” UCRL 50108, 1967, Vol. 2, Data for
Zoron~ititrige, 28-18----1,3.
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APPEAOIX

Funcamental ther-odynemic apuetions of siate cefiritiong, concined «V‘n ine Hygoniot umo
£3nGILIERS Tar crange in interrel energy, ére uses td relite SRERTPODIL UK ‘ocuus, K, 0
~uganiot zule Todulus Ka. F irgt, five thermogynamic cafinitions ere sloted, 1, is meirix anercy

Der umt mass,

4y = -v(a_P) ,  Hugoniot bulk -odulus M
av
K = v ,  lsentreaic bulk nodulus {2)
\ivjs
g = J(ﬂ{) ,  fSruneisan veiye 1)
B
CegP (4) |
RYEI (%) '
3= 12l § !
{\‘v/P :
Tre totah ayffzrentigl energy icentity s,
al =21} v+ (@L) Pl : (6)
av/pP \av/V

Partial aiffzrentiations of (18) along an isentrope sields

7k~ (ol G (50 "

The relation far change in 2nergy along an isentrope is,

al
) ] 8
(a‘))s (8)
foueting (26) and (21) and substituting definitions [15) through (18) sielas a thermciynemic
certity.
=L (9
G

Tne éme sroczdure is aow follewed along the Huganiot. Partial differentiztion of (19) ziong the
Sy Iniut yi121ds,

all _al) L) P ) (
(a//d - (;V)P (;P)v ‘av H o)
The ingreese in interna) znergy across tng Hugoniot snack limit s,

(P*Pj

Z3rtial arfferentiation of (24) witn ressect to volume yielos

[k~ 2 Rt -3 e en 02

fguating (23) ano {25) and substituting in definitions 16 throucn 20 yielg,

¥ pre)
1[0 1 [
= - 2] - . 1
K= By ’Z(v 1) 3 /A (13)
Since censity {s the reciprocal of specific voiume, zauation (12} can 32 capinec with {28) '=2cing
0,
(pep)
G 0 ,
= Ky [1 ;—] te—— b {19)
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DISCLANER

This ducoment was prepared as 3n account of wark sponsored by an agency of
the L:ited States Gorernment, Neither the United States Gosernment nor the
Universits of Celiforma nor any of their emplosees, mahes any warranty. ex-
press ur implied, or aysumes any legal ‘iabiiity or responsibility for the ac-
caracy, completeness, or wselulness of any lormation, spparatus. product. or
process divclosed, of represents that its use would not infringe privarely owned
rights. Reference hetein 10 ans specilic cpommerci~f products, process, or service
by trade nume, trademark, manufacturer, or othernise, does not nevessarily
constitute of imply Tty endursament, recuricaendacion, of lavaring by the Vnited
States Goven meat or the University of California. The views and wpinions of
authors « pressed herein do not necessyeily state of reflect those of the L nited
Seates Guremment theeeol, and shall noe he ased fue advertising ur peaduct ene

dursesnenl purposes.
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